


A multiscale observational approach
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to Air-Sea Interaction research OCEANOGRAPHY 0¢ San Diego

Recent progress on better understanding the role of surface gravity waves and wave
breaking in air-sea interaction and submesoscale dynamics

review recent scientific advances made possible by measurements acquired using a
unigue combination of remote sensing platforms, in-situ and laboratory observational
approaches.
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SIO Modular Aerial Sensing System (MASS) R

« The MASS is a mature and proven portable package of high-
resolution instrumentation built specifically for airborne remote
sensing applications.

* Over 1300 hours of accumulated flight time over the course
of more than 35 different field campaigns.

* Successfully operated from a broad range of aircraft
(Cessna 206, Partenavia P-68, Gulfstream-V and DHC-6
Twin Otter) as well as from a Bell 206 helicopter.

* Two MASS systems currently in operation.

 MASS data are used to provide measurements of:
* Ocean waves
« Currents
« Stokes drift
» Sea surface height (SSH)
* Ocean transport and dispersion
* Biological activity
* Hydrological and terrestrial applications include
measurements of snow cover, coastal geomorphology,
and the built environment
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SIO Modular Aerial Sensing System (MASS) P

Example of surface elevation as
! 29212°N 88.207°W measured from the MASS during a
19 Oct 2011 s ot 2011 experiment in the Gulf of Mexico,
S R : i flying above NDBC buoy #42040.
(wind~12m/s, Hs = 3.1Tm)

T

Spatial resolution

0.25x0.25m
Instrumentation Measurement
Scanning Waveform Lidar Riegl many models Surface wave, surface slope, directional wave
spectra (vert. accuracy ~2-3cm)

Long-wave IR Camera FLIR Many models Ocean surface processes, wave kinematics and
breaking, frontal processes

High-Resolution Video Many models Ocean surface processes, wave kinematics and
breaking, frontal processes

Hyperspectral Camera Specim Kestrel Ocean surface and biogeochemical processes

GPS/IMU Georeferencing, trajectory

DoppVis (Lenain et al . 2023) Surface currents, vertical shear, wave breaking

statistics
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Directional wave measurements down to sub-meter scales AN T

Sea surface topography collected from MASS lidar
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Lenain & Melville (2017, JPO)




Example of omnidirectional wavenumber spectrum SCRIPPS wsrirurion or
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Parameterizing the Equilibrium-Saturation range transitions
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Lenain & Pizzo (2020, JPO)
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Wave interacting with currents (S)(C:EAN(S)GRAPHYUCSanDjego

Currents modulate the properties of surface gravity waves through:
« wave refraction (e.g. Ardhuin et al. 2017, Romero et al. 2017, 2020, Villas Bbas et al. 2020)
* local effects (Rascle et al. 2016, Lenain & Pizzo 2021, Vrecica et al. 2022, Lenain et al. 2023)
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Gult Stream wave-current interaction
UPI, 2015, PC: D. Knelir)

Wave—current interaction can result in significant
inhomogeneities of the ocean surface wave field,
including modulation of the spectrum, wave
breaking rates, and wave statistics.

Romero, Lenain, Melville (2017, JPO)
Vrecica,et al.(2022, GRL & JPO)
Matsuyoshi et al. (in preparation)

J';

Here, breakzng waves are not ‘wind-generated", but produced through the 57,
lnteractzon of waves and currents - «

——

43

-

Modulatzons to geometry, kinematics, dynamtgs and statistics of wave field due
to Sibmesoscale currents. Why is the breakmg enhanced at a front?

. »



Modulation of Surface Gravity Waves at a Submesoscale Front  SCRIPPS mstironion o

* OCEANOGRAPHY UC San Diego
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Modulation of Surface Gravity Waves at a Submesoscale Front ~ SCRIPPS wstironion o

) OCEANOGRAPHY vuc san Diego

Directional Wave Saturation Spectra
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Modulation of Surface Gravity Waves at a Submesoscale Front SCRIPDS tsrirorion or
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Momentum due to wave breaking going i1
into the ocean : 7
fourth moment of A(c) distribution — see i1
Phillips (1985) o

T
Total drift
————— Stokes drift
R A B Breaking drift

drift 0 P N R g RS

Significant contribution of wave-breaking induced momentum
(and non-uniform)

What are the dynamical consequences of this additional
transport on the submesoscale?

Vrecica et al. (2022, JPO)



NASA S-MODE program SCRIPPS sririon o

OCEANOGRAPHY vt San Diego

To characterize the contribution of the submesoscale ocean dynamics to vertical
exchange of climate and biological variables in the upper ocean

Our understanding of the role played by ocean surface waves and breaking in
submesoscale dynamics as well as the feedback to and from the atmosphere at the scale
of fronts and filaments, is very limited.

SAN FRANCISCO

& Surface
Drifter ‘
- Sail

Lagrangian Drone
Float
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MASS DoppVis instrument "+ OCEANOGRAPHY v san iego

Up to 4km

DoppVis instrument concept: Capturing upper-ocean ) «
current profiles (first few meters) along the track of the e

aircraft through observations of the spatio-temporal

evolution of surface waves (dispersion relationship Ceean eurface
method), following the work of Dugan et al. (2001) and

more recently the Fugro ROCIS team.

o
T

amera FOV

“Stack” georeferenced images
together to identify overlapping
region (256x256m squares)

Lenain, L., Smeltzer, B. K., Pizzo, N., Freilich, M., Colosi, L., Ellingsen, S.
A., et al. (2023). Airborne remote sensing of upper-ocean and surface
properties, currents and their gradients from meso to submesoscales.



MASS DoppVis instrument (Lenain et al. 2023) SCRIPPS msnimurion o

OCEANOGRAPHY vt San Diego

DoppVis instrument Concept: Capturing upper-ocean R Up o #km

current profiles (first few meters) along the track of the .

aircraft through observations of the spatio-temporal

evolution of surface waves (dispersion relationship eonn curiace DopVis camera FOV

method), following the work of Dugan et al. (2001) and

more recently the Fugro ROCIS team.
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MASS DoppVis surface currents (Lenain et al. 2023) R

Up to 4km

DoppVis instrument concept: Capturing upper-ocean
current profiles (first few meters) along the track of the &ﬁ%—'

aircraft through observations of the spatio-temporal

evolution of surface waves (dispersion relationship renn eurince DopVis camera FOV
method), following the work of Dugan et al. (2001) and

more recently the Fugro ROCIS team.

3D Spectra

0.00 sec

Invert for
upper ocean

= | ) | mm)  CUTTENtS and

w (rad.s'1 )

—~ shear

C (vertical and
g horizontal)
3

Horizontal resolution: 128-1000m
Depth range: 0.5-3m (wave conditions dependent)

Lenain, L., Smeltzer, B. K., Pizzo, N., Freilich, M., Colosi, L., Ellingsen, S.
A., et al. (2023). Airborne remote sensing of upper-ocean and surface
properties, currents and their gradients from meso to submesoscales.



Combining SST and DoppVis surface currents SCRIPPS wsnirution or
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Exploring the role of submesoscale current variability SCRIPDS 1esrrorion o

on wave spectral properties " OCEANOGRAPHY vc san biego

p—
&
t

-
ot o
ot
Sea Surface Temperature (°C

— p—t
= ot
(&

36°N-

35.50- : . ; : 14
126°W 125° 124°W 123°W 122°W

—. 8%
36.9 ©
. 17 2
3 E
%)
N— . | Q_‘
g 16 £ Enhanced breaking i
= & nhanced wave breaking is
o g observed at the frontal boundary
= = suggesting modulation of surface
- waves by currents.
36.6 145

1248 -124.6 1244 1242
Longitude (deg)



SST imagery section across a sharp front SGRIBES BER o
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Kayli Matsuyoshi (SIO PhD)

S-MODE IOP1, 2022/10/25, Sea Surface Temperature from IR Imagery
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Combining SST and DoppVis currents RN

Kayli Matsuyoshi (SIO PhD)

S-MODE IOP1, 2022/10/25, SST from IR Imagery and DoppVis Currents (averaged from 0.5 to 2 m depth)
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Combining SST and DoppVis currents RN

Kayli Matsuyoshi (SIO PhD)

S-MODE IOP1, 2022/10/25, SST from IR Imagery and DoppVis Currents (averaged from 0.5 to 2 m depth)
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Hyperspectral imagery SGRICESI
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Kayli Matsuyoshi (SIO PhD)

S-MODE IOP1, 2022/10/25, Hyperspectral Imagery
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Hyperspectral imagery & SCRIPPS wsrirurion or

* OCEANOGRAPHY UC San Diego

Kayli Matsuyoshi (SIO PhD)

S-MODE IOP1, 2022/10/25, H
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Surface waves measured from the MASS lidar SCRIPPS wsnirvrion o
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Kayli Matsuyoshi (SIO PhD)

S-MODE IOP1, 2022/10/25, Sea Surface Elevation from Lidar
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Integrating in the along-front direction RN

Kayli Matsuyoshi (SIO PhD)

Sea Surface Temperature
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S-MODE IOP1, 2022/10/25, SST from IR Imagdery and DoppVis Currents (averaged from 0.5/o 2 m depth)
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Integrating in the along-front direction SERICES T
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Kayli Matsuyoshi (SIO PhD)
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Integrating in the along-front direction SERICES T
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Kayli Matsuyoshi (SIO PhD)

Sea Surface Temperature
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: - . - i SCRIPPS iwstitution of
Integrating in the along-front direction RN

Kayli Matsuyoshi (SIO PhD)

Sea Surface Temperature
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« Recent progress advancing our ability to characterize air-sea interaction processes and ocean
dynamics from mesoscale to submesoscale (and smaller) achieved through the development of
novel laboratory, airborne and in-situ observational techniques.

» Collecting in-situ measurements in such a rapidly evolving environment (both in space and time)
over the broad range of scales of air-sea interaction processes has proven to be particularly
challenging from traditional oceanographic platforms, while satellite products remain for now
limited to coarse resolutions (temporal in particular).

» Unique observations (both lab and in-situ/airborne) provide better understanding wave—current
interactions and wave breaking, including at submesoscale fronts.

»  We presented a novel instrument, DoppVis, capable of measuring surface currents down to
250m (and less!) horizontal resolution along with the standard remote sensing observations
collected from the MASS.
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Miass transport by breaklng deep water surface waves “ OCEANOGRAPHY uc san Diego

Laboratory studies: Particle trajectories in focusing region of deep-water wave packet
Non-breaking (i.e. Stokes drift) Breaking

(a)

Lenain et al. (2019, JFM)



Mass transport by breaking deep water surface waves SR

OCEANOGRAPHY vt San Diego

Particle trajectories in focusing region of deep-water wave packet

1 (b)
® no breaking {I)o ' . . .
09 | o Dreaking oy Lagrangian drift due to breaking
------ ur./c = x159% 0
o8t | s -5) IO may be nearly an order of
o7t | Devaorr e ms—5)| | {80 ] magnitude larger than non-
. | #* breaking threshold __ i !
-S_\ 26 Grue & Kolaas (2017) ' 9 breakmg waves
% 5| | ¢ DPM2017 s | ) -
g J 314 §id =
Olpap = 8 i
0 “0.1". " Dj2 ‘ 03 0.I4 0.5
S Based on model of Deike et al. (2017, DPM2017, JFM)

Drift induced by breaking, U g, reaches 30% of Stokes drift

What are the dynamical consequences of this additional transport on the
submesoscale?

Lenain et al. (2019, JFM), Pizzo et al. (2019, JPO), Sinnis et al. (2021, JFM), Blaser et al. (in preparation)



Modulation of Surface Gravity Waves at a Submesoscale Front  SCRIPPS menrorion or
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Phillips (1985) introduced the length of breaking fronts,
A(c), and its moments to characterize breaking statistics.

The first moment R represents the fraction of ocean
surface turned over by breaking fronts per unit time.

R = fA(c)dc

R represents the fraction of ocean surface turned over by breaking
fronts per unit time = Actively breaking whitecap coverage




Modulation of Surface Gravity Waves at a Submesoscale Front  SCRIPPS wsriroron o

* OCEANOGRAPHY UC San Diego

Phillips (1985) introduced the length of breaking fronts,
A(c), and its moments to characterize breaking statistics.

The first moment R represents the fraction of ocean
surface turned over by breaking fronts per unit time.

R = fA(c)dc

Total length of breaking fronts per unit surface area: L = / A(e)yde
Fraction of total surface area turned over per unit time: R = / cA(c)de
Fractional whitecap coverage: W « / ¢ Ale)de
Rate of air entrainment per unit surface area: V, « / ¢ Ale)de

Momentum flux per unit surface area: M « / c*Ale)de

Energy dissipation per unit surface area: E / ¢ Ale)de,

Kleiss et al. (2009), Romero (2019), Vrecica, et al. (2022), Akaawase et al. (2025), Matsuyoshi et al. (in preparation)
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